Introduction {#Sec1}
============

Neuromyelitis optica spectrum disorders (NMOSD) are defined as rare inflammatory demyelinating disorders of the central nervous system, involving mostly the spinal cord and optic nerves. Since initial description by Eugene Devic and Fernand Gault, many versions of the diagnostic criteria have been published and recently updated \[[@CR1], [@CR2]\]. Since their discovery by Dr. Lennon in 2004, evaluation of the positivity to anti-aquaporin 4 antibodies (anti-AQP4 Abs) is a rapid way to confirm diagnosis \[[@CR3]\]. For seronegative patients, the recent clinical-radiological criteria may define them as NMOSD, according to the presence of specific clinical criteria including transverse myelitis and optic neuritis. There is no treatment consensus but it should be given as early as possible, after the first attack if the patient meets the diagnostic criteria \[[@CR4]\]. Today, a large number of retrospective studies suggest that a drug targeting B cells, and specifically rituximab (RTX), is to be considered as a first-line option \[[@CR5], [@CR6]\] or in rescue after oral immunosuppressants \[[@CR7]--[@CR9]\].

Rituximab (MabThera^®^, Rituxan^®^) is a chimeric monoclonal antibody (mAb) against CD20, a human B-lymphocyte antigen. Our aim was to define the usefulness of all available routine biomarkers in monitoring RTX administration in the clinical management of NMOSD patients. In the present study, we investigated longitudinally during the follow-up of 17 NMOSD patients the detection of AQP4-Abs, the RTX concentration, anti-drug antibodies and flow cytometric measurement of total and memory B cells using both a routine test (total B cells) and a minimal residual disease (MDR) derived-test (total B cells and memory B cells).

Methods {#Sec2}
=======

Clinical Assessment {#Sec3}
-------------------

This is an observational case series study in which 17 NMOSD patients were evaluated and clinically assessed. Patients were diagnosed according to the 2006 Wingerchuk diagnostic criteria \[[@CR10]\] and treated in the MS Clinic in Nice (CRCSEP), France. Clinical charts were reviewed for demographic data (age, body mass index, comorbidities), clinical course, RTX infusion tolerance, relapse (annual relapse rate: ARR), and Expanded Disability Status Scale (EDSS) every 3 months. A total of 125 NMOSD patient blood samples were analyzed for the anti-AQP4 serostatus, CD19 cell testing, RTX concentrations, and anti-drug Abs (human anti-chimeric antibodies to the murine fragments of RTX (HACA-RTX Abs).

Treatment Schedule {#Sec4}
------------------

After extensive biological screening (hematology, virology, renal and hepatic functions), patients were treated with RTX consisting of infusion of 1 g, 2 weeks apart. Blood samples were collected from the 17 patients with NMOSD before the injection of RTX (week 0), and then every 3 months until re-emergence of CD19+ CD27+ memory B cells or in case of a clinical event. When CD19+ CD27+ memory B cells were considered positive (\> 0.05% of total leucocytes count), infusion (rituximab, 1 g d1) was maintained. Reactions of intolerance or adverse events were reported. The MS nurses, using a structured format \[graded according to Common Terminology Criteria for Adverse Events (CTCAE) v. 4.03\] collected information about intolerance and adverse events related to infusion.

Indirect Immunofluorescence (IFI) Cell-Based Assay (CBA) for AQP4-Ab and MOG-Ab Detection {#Sec5}
-----------------------------------------------------------------------------------------

AQP4-Abs were assessed using a CBA including HEK293 cells stably transfected with human M23-AQP4 as previously described \[[@CR11]\].

Multicolor Flow Cytometry (MFC) Analysis of Circulating B Cells and Their Sub-Populations {#Sec6}
-----------------------------------------------------------------------------------------

Flow cytometric analysis was performed on blood collected on EDTA and labeled within 24 h. The percentage and absolute count of B, T and NK cells were determined using the BD Multitest™ 6-color TBNK reagent and BD Trucount™ tubes (BD Biosiences). For MRD-derived MFC, cells were labeled with a 8-color mixture of antibodies (CD38, CD45; CD27; anti-IgD; CD24; anti-IgM; CD3; CD14, CD19) allowing identification of all B cells and of at least 6 different B cell sub-populations namely naïve B cells (CD27^neg^, IgD^+^, IgM^+^), switched memory B cells (CD27^+^, IgD^neg^, IgM^neg^), marginal zone like memory B cells (CD27^+^, IgD^+^, IgM^+^),CD27 negative memory B cells (CD27^neg^, IgD^neg^, IgM^neg^), transitional B cells (CD24^+^, CD38^++^) and plasmablasts (CD24^neg^, CD38^++^). Results were expressed as the percentage of the different B cell populations in the white blood cells (WBC) population. CD19+ CD27+ memory B cells were considered as present if more than 25 cells were detected, but positive for treatment if \> 0.05% of the total leucocytes count.

### Measure of Rituximab Concentrations (ELISA) {#Sec7}

Anti-RTX Abs were coated according to the manufacturer's instructions (LISA-TRACKER Duo Rituximab, Theradiag©Croissy Beaubourg, France) as previously described \[[@CR12]\]. The limit of detection of RTX was 2 μg/mL with an intra-run variability of 7.6% and inter-run variability of 9.8%.

### HACA RTX Antibody Determination {#Sec8}

Anti-RTX Abs were evaluated by ELISA, with neutralization of RTX with anti-RTX-Abs in vitro as previously described \[[@CR13]\], and with an antibody-dependent, complement-independent cell cytotoxicity assay. HACA RTX Abs were reported as negative (0) when detected (0 to \< 10 ng/mL) and positive (titer \> 10 ng/mL).

Statistical Analysis {#Sec9}
--------------------

Qualitative variables were expressed as frequencies and compared using the Fisher exact test. Continuous variables were expressed as median and interquartile intervals and compared using the Student's *t* test. Comparisons of qualitative variables were performed using the Fisher exact test. Quantitative variables were compared using the Wilcoxon--Mann--Whitney or Kruskall Wallis test for multilevel variables. Correlation between the residual serum RTX levels, the total CD19 cell count and memory B cells counts were assessed with the Spearman rank correlation coefficient. All tests were two-sided, and a *p* value less than 0.05 indicated statistical significance. Analyses were performed using SAS V.9.3 software (SAS Institute, Cary, NC, USA).

This article is based on previously conducted studies and does not contain any studies with human participants or animals performed by any of the authors.

Results {#Sec10}
=======

Demographic Characteristics and Clinical Evolution {#Sec11}
--------------------------------------------------

The disease followed a typical optico-spinal relapsing course in all patients. The demographic characteristics are summarized in Table [1](#Tab1){ref-type="table"}. Patient characteristics were: women 12/17, mean age at diagnosis: 36 (22--52) years. Nine patients had anti-AQP4 Abs. Ten patients had previous disease-modifying treatments (azathioprine: 7, mycophenolate mofetil: 1, plasma exchange: 2). None had orally administered corticosteroids in add-on therapy except when relapse occurred before RTX therapy; seven patients were treated with RTX as first-line treatment. Immunosuppressive agents were discontinued when RTX was introduced. The mean follow-up of the patients was 7.4 (2--16) years with a mean duration of the disease after starting RTX of 38 (3--41) months. There was no demographic difference between patients with or without anti-AQP4 Abs. The mean clinical relapse before RTX induction was 3.1 (1--6) months with a median EDSS of 4 (1--8.5) on RTX induction. No patient developed clinical relapse after RTX therapy. The mean follow-up of the patients on RTX was 3.2 (1.6--5.7) years. At 1 and 2 years of follow-up, all patients improved with a median EDSS of 3 (1--5.5). A total of 62 RTX infusions were administered (mean 3.4 infusions/patient; range 2-6 infusions/patient). The mean interval between RTX infusions for seropositive patients was 9.6 (6--20) months (Table [2](#Tab2){ref-type="table"}) with 1.1 infusions per year (0--2) compared with four infusions in the standardized schedule.Table 1Demographic characteristics of the NMOSD patientsIDGenderAge at diagnosis (years)AQP4 statusRelapse before RTXTreatment before rituximabEDSS at rituximab inductionTotal Follow-Up (years)Last EDSS1 AMF52Positive1--63.53.52 BGF31Positive3--46.533 CFF27Positive1Plasma exchange8.53.53.54 CPF32Positive5Plasma exchange7.5815 NYM22Positive4Azathioprine2806 PNM22Positive6Mycophenolate4163.57 TMJF44Positive3Azathioprine51028 SFAF40Positive2Azathioprine6769 ASF39Positive3--511210 CMF34Negative2Azathioprine46411 DOF38Negative2--46412 VEM40Negative2Azathioprine3.52313 OSF34Negative1--42114 BMM31Negative3Azathioprine6.564.515 SGM26Negative5--116016 SNF33Negative3Azathioprine112117 GSF52Negative2--3.52.55.5 Table 2Biological and clinical follow-up of the NMOSD patientsPatientRituximab follow-up (months)Rituximab infusions *N*Mean duration between 2 infusions (months)ARR with rituximabCD19 count before RTX (/MM3)Mean months for CD19+ CD27+ occurrence (min max)Mean rituximab concentration at retreatment (µg/mL)HACA (*−*, D, +) ng/mL1 AM2647.3 (6--8)02527.1 (6--7.9)0**+**2 BG4449 (6--12.5)02008.8 (5.8--12.2)0D3 CF1237.107970D4 CP60418 (6--)011716 (6--11.3)0--5 NY2338.3061980+6 PN2337.802167.53.3D7 TMJ66611.4 (9--16.9)012011.1 (9--16.2)0D8 SFA3656.9 (6--10.9)02106.5 (6--7.1)0D9 AS1538.1031880+10 CM342--0151------11 DO42311.6083811.40--12 VE36313.5022513.20D13 OS162--0234------14 BM2446.4 (5.4--6.9)02136 (5.3--6.7)0D15 SG2036027460--16 SN29310.8030110.50--17 GS2437.901207.50--CD19+ CD27+ memory B cells were considered positive when below 0.05%. HACA-RTX Abs: human anti-chimeric antibodies to the murine fragments of RTX: (−) Negative = 0, (D) detectable \< 10 UI/mL, (+) positive \> 10 UI/mL. The RTX infusion was shortly administered with the CD19+ CD27+ re-emergence

Anti-AQP4 Abs Detection {#Sec12}
-----------------------

For nine patients, anti-AQP4 Abs were positive and remained positive at follow-up. All the patients were negative for MOG antibodies.

B Cell Repopulation {#Sec13}
-------------------

Patients were treated when CD19+ CD27+ memory B cells re-emerge quickly near 0.05% of WBC; this situation is defined as biological relapse (Fig. [1](#Fig1){ref-type="fig"}a, row 3). None of the patients had a clinical attack with prior negative CD19+ CD27+ memory B cells. The mean number of days until B cells were detectable was 15.2 (6--36) months. In 17% of patients the total number of B cells measured with the routine test was considered undetectable while total B cells and CD19+ CD27+ memory B cells were positive using the MDR-derived test. In some cases, re-emergence of B cells occurred as naïve B cells while memory B cells remained undetectable for several months (Fig. [1](#Fig1){ref-type="fig"}b). The mean time of detection for re-emerging CD19+ CD27+ memory B cells was 8.9 months without correlation with total B cell detection. The mean number of lymphocytes analyzed at each visit was 168,434 (43,576-278,956) cells. The re-emergence of CD19+ CD27+ B cells did not depend on gender, age at diagnosis, body mass index, duration of the disease or history of immunosuppression. Three patients had no memory B cells after few infusions at 12 months (AM and SFA) and 20 months (CP) and were qualified as prolonged responders.Fig. 1A typical evolution of memory B cells of a patient (AGS) on follow-up of more than 1 year and the strategy used by the clinical team. **a** Flow cytometry raw data. The patient had an infusion of rituximab on December 23, 2015. In April 2016 (first row) no B cells were detected. Six months later, on October 2016, B cells represented up to 5.9% of lymphocytes and 1.21% of white blood cells. They were mainly composed of naive B cells (in green). CD27-memory B cells, that is the sum of switched and marginal zone memory B cells (line 3 and 4) represented no more than 0.017% of WBC. No Rituximab was proposed, but monitoring was shortened. In December 2016, while the total B cells increased only slightly, the memory B cells increased and reached 0.039% of white blood cells. In addition the population of CD27 negative memory B cells (fifth line) also increased. Infusion of rituximab was proposed to the patient. Four months later, no B cells were detected. Note that over a course of 1 year only one infusion of rituximab was performed. **b** The percentage of B cells and the different sub-populations are summarized. Please note that the scale is different for the two charts

Rituximab Concentrations {#Sec14}
------------------------

All the samples except for two had a detected RTX level when CD19+ CD27+ memory B cells were positive. After RTX infusion, plasmatic levels were negative after about 3--6 months. There was no correlation between the RTX concentration and re-emergence of CD19+ CD27+ memory B cells.

Detection of HACA-RTX Abs {#Sec15}
-------------------------

The patients remained negative during follow-up (\< 10) excepted for two AQP4 seropositive patients who were HACA-RTX positive respectively at month 15 (NY) and month 12 (AS) and then negative 3 months after RTX infusion (Fig. [2](#Fig2){ref-type="fig"}). One NMOSD seronegative patient (DO) was positive on one occasion at 24 months. HACA (1--3; \< 10 ng/mL) was detected in 45 samples, but did not correlate with RTX infusion, CD19+ cells, CD19+ CD27+ memory B cells re-emergence or RTX plasmatic levels. In vitro cytotoxicity assays demonstrated that for one patient (AS) HACA-RTX Abs were neutralizing for RTX activity at 50 ng/mL, but was not for patient NY (Fig. [2](#Fig2){ref-type="fig"}). Interestingly, other anti-CD 20 antibodies including ocrelizumab, ofatumumab and obinutuzumab were not neutralized in the patients' sera (data not shown). This result needs to be confirmed on a larger number of samples, but opens therapeutic opportunities for the patients who develop anti-RTX Abs.Fig. 2Patient AS and NY had anti-RTX antibodies detected in one sample. Patent AS serum neutralized the RTX activity at 50 ng/ml. Patient NY did not have any

Adverse Events {#Sec16}
--------------

No serious adverse event due to RTX occurred. Five patients presented grade 1 and two grade 2 adverse event reactions (mild pruritus, requiring symptomatic antihistamic treatment) during the induction course. After the induction treatment, patients had a mean RTX infusion of 1.1 per year (0--2), but only six patients had grade 1 AE (mild headache) due to maintenance infusion.

Discussion {#Sec17}
==========

The optimal strategy for maintenance of RTX treatment for patients with NMOSD is yet to be determined. Two different approaches to RTX administration that are not influenced by the AQP4 status can be envisaged. The first is a fixed pretreatment schedule: for example 1 g d1--d15 every 6 months, as used in Rheumatoid Arthritis (RA). In NMOSD, many team propose 1 g d1--d15 as an induction and 1 g d1 every 6 months as maintenance systematically. The second monitors the biological effect of RTX on circulating B cells, renewing RTX infusion at re-emergence either of CD19+ B cells or CD19+ CD27+ memory B cells, if re-emergence of biological markers is considered to precede clinical relapse \[[@CR14]--[@CR18]\]. Some studies have shown that it is possible to reduce the posology of RTX without increasing the risk of disease reactivation \[[@CR19], [@CR20]\]. Response to RTX may vary among individuals, especially in the first 2 years after diagnosis \[[@CR21], [@CR22]\]. Two different profiles are possible: some patients experience clinical NMO relapse before the sixth month, while other patients are considered as prolonged responders for more than 2 years without maintenance of infusion, underlining the critical importance of identifying reliable biological markers predicting clinical responses \[[@CR18], [@CR22]\].

Among the biological markers, anti-AQP4 Abs play a key role in diagnosis and are known to be pathogenic \[[@CR23]\]. A transient increase in anti-AQP4 Abs at week 2 after the first infusion of RTX was observed before resulting in a decrease \[[@CR24]\]. A recent study demonstrated that an increase in anti-AQP4 Abs titers and CD19+ B cells did not always precede relapse, but a reduction in AQP4 Abs titers in the short- and long-term was observed during RTX treatment \[[@CR25]\]. Failure on RTX should be suspected if AQP4 Abs levels never decrease during the treatment period \[[@CR25]\]. In our study, anti-AQP4 Ab positivity did not correlate to treatment response.

Since NMO is mainly related to B cell disorders, several studies focused on monitoring the CD19+ B cells level. Indeed, the CD19+ B cells count is dependent on the RTX dose: a recent study demonstrated that the median number of days until a CD19 percentage of 2% or more was achieved was 140 in the 100 mg dosing arm and 258 days in the 1000 mg dosing arm \[[@CR26]^\]^. After repeating RTX infusion, some patients showed an extended time for repopulation, as some keep the same pattern, and were defined as non-responders to RTX. However, despite undetectable B cells with a standard technique some patients experienced clinical relapse \[[@CR26], [@CR27]\]. One explanation is that B cells are still present but reside in other locations such as bone marrow or secondary lymphoid organs and so are not circulating and thus not detectable. Another explanation for the unreliability of this biomarker is the lack of sensitivity of the technique. Routine measurements by flow cytometry of lymphocytes populations, including total B cells, usually acquire 2500--5000 lymphocytes. A recent paper has shown that CD19 mRNA quantification is more sensitive in detecting the CD19+ B cell increment than fluorocytometry, using three-color flow cytometry and acquiring a total number of 100,000 events and is a reliable method to quantify CD19+ circulating B cells in the blood of RTX-treated patients \[[@CR28]\].

Finally, only sub-populations of B cells may be critical since recent studies show that the monitoring of CD19+ CD27+ memory B cells, instead of the total B cell count, should be used to tailor administration of RTX \[[@CR11], [@CR13]--[@CR18]\]. Moreover, Cohen et al. observed no linear correlation between total CD19+ B cells and the CD19+/CD27+ B cell counts \[[@CR18]\]. In addition, the re-emergence of B cells after RTX therapy is different from one patient to another. Taking these concerns into account, we used in this study an approach derived from minimal residual disease detection in patients with chronic lymphocytic leukemia, which uses multicolor flow cytometry and a number of acquired cells above one million of WBC. This approach allowed detection of total B cells and B cell sub-populations well below 0.01% of WBC and distinguished naïve and CD27+ memory B cells from total B cells and from different sub-populations of memory B cells. Importantly, these different patient profiles lead to a different therapeutic strategy. While the increase in B cells in some patients may concern almost exclusively memory B cell, in others patients it concerns only naïve B cells (defined here as CD19-B cells, CD27- and expressing either surface IgD or IgM). For the former patients, RTX infusions were resumed while no treatment was proposed to the latter patients.

Some papers described RTX non-responding patients or short re-emerging B cells with the production of anti-drug Abs but we did not see this in our case series, even with HACA-RTX positive Abs. The production of IgG human anti-chimeric Abs to the murine fragments of RTX (HACA-RTX Abs) has previously been described with different frequencies in lymphoma and in patients with autoimmune diseases. HACA-RTX Abs production may induce less effective B cell depletion and a rapid drop in RTX levels. A correlation between HACA-RTX Abs and incomplete B cell depletion has been hypothesized but a direct functional effect of these HACA-RTX Abs has been reported only in one case report, leading to increased infusion side effects and loss of efficacy \[[@CR29]^\]^. Others patients with high titers of HACA-RTX Abs did not experience increased side effects during infusions \[[@CR30], [@CR31]^\]^. The development of HACA-RTX Abs could be due either to incomplete B cell depletion after the induction course or to RTX with Fc-gamma receptor polymorphisms. HACA-RTX Abs are detected in 25--37% of relapsing--remitting MS patients treated with RTX and 7--26% in progressive forms of MS but their clinical significance remains unclear \[[@CR32], [@CR33]\]. The presence of HACA-RTX Abs decreased with an increase in the number of RTX infusions and there was a significant association between both the presence and titers of HACA-RTX Abs and incomplete B-cell depletion, but not with infusion/adverse reactions or clinical outcome, nor with the occurrence of relapse, disability progression or Gadolinium enhancing lesions on brain MRI \[[@CR34]\]. NMOSD patients treated with a low dose of RTX seem to be more likely to develop HACA-RTX Abs and need more frequent infusion to be maintained biologically and clinically relapse-free \[[@CR35]\]. As RTX is more effective than other immunosuppressive drugs especially azathioprine in NMOSD patients, there is major concern about identifying either an appropriate dosage and prognostic markers of biological or clinical relapse \[[@CR35]--[@CR37]\].

Although we did not directly compare different treatment protocols, none of our 17 patients experienced clinical relapse once RTX was started over a cumulative course of 46 months. These data strongly suggest that an immunologically adjusted infusion protocol is, clinically speaking, not inferior to, e.g., a fixed-interval schedule, while at the same time reducing the number of RTX infusions from 4 to 1.1 per year.

Conclusions {#Sec18}
===========

The data presented here indicate that when RTX is used as therapy in NMOSD the patients should be followed closely by monitoring CD19+ CD27 B memory cells to ensure both adequate immunological responses and tailoring RTX administration.

NMOSD patients can develop HACA-RTX Abs but can stay relapse-free with undetectable RTX concentrations and no CD19+ CD27 B memory cells. None of our patients relapsed with a decrease in the infusion frequency compared with the most commonly used schedule of four infusions/year. The use of the level of CD19+ B cells to decide whether or not the patients should be treated is not reliable and might be replaced by the monitoring of memory B cells. Whether one of the different memory sub-populations could be a better predictive value than the whole memory B cell population remains to be determined with a larger number of patients.
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